A silencing vector for cotton (Gossypium hirsutum) was developed from the geminivirus Cotton leaf crumple virus (CLCrV). The CLCrV coat protein gene was replaced by up to 500 bp of DNA homologous to one of two endogenous genes, the magnesium chelatase subunit I gene (ChlI) or the phytoene desaturase gene (PDS). Cotyledons of cotton cultivar 'Deltapine 5415' bombarded with the modified viral vectors manifested chlorosis due to silencing of either ChlI or PDS in approximately 70% of inoculated plants after 2 to 3 weeks. Use of the green fluorescence protein gene showed that replication of viral DNA was restricted to vascular tissue and that the viral vector could transmit to leaves, roots, and the ovule integument from which fibers originate. Temperature had profound effects on vector DNA accumulation and the spread of endogenous gene silencing. Consistent with reports that silencing against viruses increases at higher temperatures, plants grown at a 30°C/26°C day/night cycle had a greater than 10-fold reduction in viral DNA accumulation compared to plants grown at 22°C/18°C. However, endogenous gene silencing decreased at 30°C/26°C. There was an approximately 7 d delay in the onset of gene silencing at 22°C/18°C, but silencing was extensive and persisted throughout the life of the plant. The extent of silencing in new growth could be increased or decreased by changing temperature regimes at various times following the onset of silencing. Our experiments establish the use of the CLCrV silencing vector to study gene function in cotton and show that temperature can have a major impact on the extent of geminivirus-induced gene silencing.
Cotton (Gossypium spp.) is an economically important crop for both fiber and oil production in many warm areas of the world. Cotton's long-standing association with humans derives primarily from its long, strong, spinnable fibers, or seed hairs. Each fiber is a remarkable unicell that elongates to .2.25 cm and deposits a thick secondary wall (Kim and Triplett, 2001 ). Gossypium hirsutum is most commonly grown today, with smaller amounts of higher fiber quality Gossypium barbadense grown in compatible environments. Both are allotetraploids with large genomes that are recalcitrant to functional genomics approaches (Wendel and Cronn, 2003) . To clothe an increasing world population and provide a sustainable raw material that is competitive with synthetic fiber, many agronomic properties of cotton, such as yield, drought tolerance, and pest resistance, need to be improved (Smith and Cothern, 1999) . There is also a need to improve several properties of cotton fibers, including their length and strength, as well as the uniformity of all fiber properties. It is critical to identify genes that affect the molecular regulation of fiber development to begin to understand and modify these qualities (Arpat et al., 2004; Haigler et al., 2005) .
Currently, complete sequencing of cotton genomes is just beginning . In the meantime, the basis for cotton functional genomics is provided by an ever-expanding set of Gossypium ESTs and derived unigene sets accessible on the Web (Udall et al., 2006) , as well as by microarray analyses based on these sequences (Arpat et al., 2004; Gou et al., 2007; Udall et al., 2007; Wu et al., 2007) . The availability of genomic sequences for Arabidopsis (Arabidopsis thaliana) and poplar (Populus spp.) has been extremely useful for identifying and annotating putative orthologs in the cotton EST databases. Even though analogies can be drawn between cotton fiber differentiation and the formation of leaf trichomes (Rong et al., 2005) and secondary-walled xylem cells (Haigler et al., 2005) , ultimately the function of putative orthologous genes needs to be tested directly in cotton. The use of RNA interference in cotton has been hindered by inefficient production of stably transformed plants . In addition, cotton fibers express genes with no known homologs in other plants, and these may confer some of its unique properties. Because the most direct way of testing fiber gene functions is to positively or negatively manipulate their expression level, and transformation of cotton is difficult , a transient gene manipulation system is sorely needed.
Virus-induced gene silencing (VIGS) offers the opportunity to test gene function through silencing, using homologous cDNA sequences cloned from cotton. In geminivirus vectors, only partial gene sequences are needed to initiate gene silencing, ranging from about 90 to 150 bp if inserted as part of a viral gene (Peele et al., 2001; Jordan et al., 2007) , or up to approximately 400 to 800 bp if inserted as a gene replacement (Kjemtrup et al., 1998) . Silencing typically begins within a few weeks of inoculation and can extend throughout the flowering period. VIGS can also be used to test the function of essential genes because the targeted seedlings have already germinated and produced leaves before silencing begins (Peele et al., 2001; Jordan et al., 2007) . Combinations of genes can be down-regulated simultaneously from the same vector (Peele et al., 2001; Turnage et al., 2002) , allowing transcripts of multiple gene family members to be eliminated. This ability could be extremely useful in cotton because of its allotetraploid genome.
Cotton leaf crumple virus (CLCrV) is in the genus Begomovirus, family Geminiviridae (Brown and Nelson, 1984) . It is endemic to the southwestern United States and northwestern Mexico (Brown and Nelson, 1987) . CLCrV causes foliar crumpling and mosaic, floral hypertrophy, and stunted growth, resulting in reduced cotton fiber yield and quality (Butler et al., 1986; Brown and Nelson, 1987) . CLCrV, like other begomoviruses, requires the coat protein gene for transmission by the whitefly Bemisia tabaci (Briddon et al., 1989; Azzam et al., 1994; Liu et al., 1999) . The only other method of inoculating begomoviruses lacking a coat protein gene is under laboratory conditions, where the cloned viral genome components can be inoculated by gene gun bombardment (Kanevski et al., 1992) , Agrobacterium (Elmer et al., 1988) , or by rubbing DNA onto leaves dusted with carborundum (Ascencio-Ibanez and Settlage, 2007) .
The organization of the CLCrV genome is typical of other bipartite begomoviruses and consists of two 2.5-kb circular DNA molecules referred to as the DNA-A and -B component, respectively (for review, see Gutierrez, 1999; Hanley-Bowdoin et al., 1999; Rojas et al., 2005) . DNA-A and DNA-B share a region of homology of approximately 200 bp known as the common region. This common region contains the origin of viral DNA replication and is immediately upstream of the two, bidirectional promoters of each DNA component, which are involved in viral and complementary gene expression. The viral AL1 protein nicks double-stranded DNA to initiate replicational release of a single-stranded viral DNA molecule (Laufs et al., 1995) . Host DNA replication machinery is required for both single-and double-stranded DNA synthesis and it is the singlestranded form that is encapsidated into viral particles that remain in the nucleus. Viral DNA behaves as mobile episomes, shuttling in and out of the cell nucleus and then between cells, tissues, and organs to establish systemic infection (Noueiry et al., 1994; Sanderfoot and Lazarowitz, 1996) .
To date, only the viral-sense transcriptional unit of DNA-A or -B has been modified for gene silencing (Kjemtrup et al., 1998; Peele et al., 2001; Turnage et al., 2002; Fofana et al., 2004) . Geminiviruses are themselves susceptible to gene silencing, but also encode suppressors of gene silencing and in some cases persist in the presence of siRNAs Vanitharani et al., 2004; Bisaro, 2006; Zrachya et al., 2007) . Several plant genes are known to be required for geminivirus-mediated VIGS in Arabidopsis (Muangsan et al., 2004) but the degree of functional conservation of these genes in other plants, and of silencing pathways in general, is not well understood.
Because CLCrV is indigenous to the United States, we modified it as a VIGS vector for cotton. We show here that deleting the coat protein gene, which is absolutely required for insect transmission, does not impair systemic movement in cotton, thereby obviating any chance for escape or transmission of vector sequences. We also report silencing of two different endogenous genes when 250-to 500-bp sequences, homologous to only one of the G. hirsutum homeologs, are used as coat protein gene replacements. We document widespread and long-lasting transmission of silencing signals in cotton vegetative and maternal reproductive tissues, and show that endogenous gene silencing is more efficient at a relatively cool temperature (e.g. 18°C-22°C) for cotton growth.
RESULTS

The Coat Protein Is Not Needed for Systemic CLCrV Infection in Cotton
CLCrV had previously been modified to enable inoculation of plants with the wild-type virus using biolistic bombardment of cotton (Idris and Brown, 2004) with an Escherichia coli plasmid vector containing a tandemly repeated viral DNA-A or -B component. Figure 1A shows the B component of CLCrV represented in episomal form, which is the active form in plants. Episomes are released from plasmid DNA by rolling circle replication (Stenger et al., 1991) following bombardment. Figure 1B shows the parent E. coli plasmid used to manipulate viral DNA. In this case the viral DNA-A component has been engineered to contain a multiple cloning site (MCS) in place of the coat protein open reading frame. This plasmid was used as the empty vector control. Figure 1C shows the episomal form of the same viral DNA shown in Figure  1B , but also containing a silencing fragment, and in Figure 1D the entire GFP gene was cloned into the MCS.
One tool for bombardment used in these experiments was a custom-made particle inflow gun (PIG). This was used to inoculate cotyledon-stage seedlings with wild-type CLCrV using 1-mm-diameter DNAcoated gold microprojectiles. Previous experiments using the PIG showed that both Nicotiana benthamiana and Arabidopsis had high frequencies of infection and minimal damage at 30 psi of helium. Conditions for cotton bombardment required increasing the pressure used to propel the microprojectiles to 60 psi and placing the seedlings 4 cm beneath the microprojectile source. The total amount of DNA coated onto microprojectiles was varied from 0.5 to 10 mg each of the DNA-A and -B components (1-20 mg DNA, total). Optimal silencing efficiencies (100% of bombarded plants) using the PIG were found using 7 to 10 mg of each component. The infection rate declined with lower amounts of DNA-A and was about 50% for 5 mg and 30% to 50% for 0.5 mg each component. A commercially available particle delivery system (BioRad PDS1000-He) was also used to inoculate seedlings and, with 0.5 mg of each component, also resulted in an average infection rate of 70%. Most data reported here used the PIG to inoculate plants with 5 mg of each DNA component (approximately 1 mg/shot).
ChlI and PDS Provide Two Visible Markers for Endogenous Gene Silencing
The magnesium chelatase subunit I gene (ChlI) was used to visualize the timing and extent of endogenous gene silencing. Because nearly exact homology is needed for effective silencing, reverse transcription (RT)-PCR was used to amplify a 500-bp ChlI fragment from G. hirsutum. This gene fragment, which was only 78.2% homologous to the Arabidopsis ChlI gene, was cloned in the antisense direction into pJRTCLCrVA.008 (Fig. 1B) to produce a DNA-A component transcribing the ChlI gene fragment using the coat protein gene promoter ( Fig. 1C ; CLCrV:ChlI). Because functional virus requires both the DNA-A and -B components, the silencing vector that includes both components is referred to here as CLCrV:ChlI. Bombardment of CLCrV: ChlI into seedlings resulted in silencing of ChlI, evidenced by loss of chlorophyll as early as 13 d postinoculation (dpi) at 25°C/23°C. Both the VIGS DNA-A component, carrying ChlI, and DNA-B component replicated out of the respective plasmid as viral episomes (Fig. 1 , A and C) and moved together to establish infection.
To verify reduction in ChlI mRNA in silenced leaves, a different region of the same cotton ChlI gene used in the vector was amplified from silenced tissues by RT-PCR. Figure 2A shows the molecular evidence for silencing. Almost undetectable ChlI transcript was in CLCrV:ChlI leaves ( Fig. 2A , lanes C and D) that showed extensive chlorosis (Fig. 2, C and D) . In contrast, leaves after mock inoculation ( Fig. 2A , lanes E and F) or inoculation with empty vector (Fig. 2A , lane G) had higher ChlI transcript levels and minimal symptoms (Fig. 2 , E-G).
The phytoene desaturase gene (PDS) is another commonly used marker gene for VIGS and also causes loss of chlorophyll and carotenoids (Rotenberg et al., 2006; Senthil-Kumar et al., 2007) . A 326-bp PDS gene fragment isolated from cotton was cloned into the CLCrV vector, and plants were bombarded with CLCrV:PDS, CLCrV:ChlI, or the empty vector. Figure 3 shows that the general pattern of cells and tissues with PDS silencing was similar to that of ChlI, but the extent of silencing was not as great. To determine if the size of the fragment affected the extent of silencing, the ChlI insert was reduced to 254 bp. The extent of silencing achieved using this fragment was reduced compared to the 500-bp ChlI fragment (data not shown).
The CLCrV Vector Was Found in Young and Mature Leaves, Roots, and Ovules
Although geminivirus-mediated VIGS facilitates extensive gene silencing, in situ hybridization using viral DNA-A as the probe has shown that very few of the silenced cells actually accumulate detectable viral DNA (Peele et al., 2001) . To track exactly where and when the CLCrV silencing vector produced endogenous gene silencing signals, a small, 729-bp red-shifted GFP gene (Davis and Vierstra, 1998) with cell-autonomous expression was inserted into the CLCrV vector MCS in place of a silencing fragment. For plants grown at 25°C/23°C, CLCrV:GFP showed expression in small groups of cotyledon cells 4 dpi. Figure 4A shows one such group adjacent to a clump of gold particles, suggesting that these were the first cells to support viral DNA replication from the bombarded plasmid DNA. Since these cells were not part of veins, at least initially viral DNA replication and gene expression occurred in nonvascular tissues.
Research in bean (Phaseolus vulgaris) showed that a GFP-expressing geminivirus (Bean dwarf mosaic virus) could also be localized in leaf cells following microinjection, but that systemic movement was restricted to the vascular tissue (Sudarshana et al., 1998) . We observed a similar pattern with CLCrV:GFP and found that after 9 dpi, GFP expression was observed almost exclusively in or near the cotton plant vasculature, including the midvein and secondary and tertiary veins (Fig. 4 , B and C). Early in the infection cycle, bright fluorescence was detected in both mature and young leaves. However, at approximately 45 to 50 dpi, GFP fluorescence became predominant in the rapidly expanding areas of the youngest leaves and more transient, diminishing as a leaf region matured. In addition, GFP fluorescence was sometimes observed in the outer boll wall (data not shown), the central column of the ovary (Fig. 4E) , and the ovule integuments (Fig. 4F) . For unknown reasons, plant-to-plant variation in GFP fluorescence occurred, and GFP fluorescence in some plants became undetectable in the aboveground tissues prior to or during boll formation. Surprisingly, some of these plants still maintained GFP expression in the roots (Fig. 4D ).
Lower Temperatures Enhanced Geminivirus-Mediated VIGS
To try to increase the efficiency of silencing, bombarded plants were grown in greenhouses with tight temperature control in three trials to compare ChlI silencing at relatively high (30°C/26°C) and low (22°C/18°C) temperature regimes. Although silencing was delayed at the cooler temperatures, the extent of silencing was dramatically increased and was significantly more stable throughout the life of the plant (Fig. 5, G and H compared to C and D). Importantly, CLCrV:ChlI-mediated gene silencing occurred in the ovary wall as variegated tissue at lower temperature (Fig. 5H ), but this was variable between plants. In contrast, bolls of plants grown at 30°C/26°C did not show conclusive evidence of ChlI silencing (Fig. 5D) , probably because plants inoculated at the seedling stage could not routinely sustain silencing until the bolls formed. Plants inoculated with the empty vector were only slightly more symptomatic at lower temperatures (compare Fig. 5, F and B) . However, growth of the cotton plants was slower at 22°C/18°C (compare Fig. 5 , E and A) and the number of days to flowering increased. To decrease the time to flowering and boll formation, bombarded cotton seedlings were kept in a growth chamber at a constant temperature of 26°C, 16/8 h light/dark photoperiod until 26 dpi, at which time the plants had begun to silence. They were then transferred to the greenhouses with either low or high temperature regimes. The 26°C preincubation did not significantly affect the extent of silencing at either temperature regime compared to continuous incubation at high or low temperature. Silencing in newly formed tissues was still enhanced at low temperatures (data not shown).
To further investigate the relationship between temperature change and silencing, two sets of plants were kept at a constant intermediate (25°C) or low temperature regime (22°C/18°C) until 59 dpi and then switched to the reciprocal temperature regimes for 7 d. Figure 6 shows that new growth formed during the 7-d period showed silencing characteristic for the new temperature, and that the change in silencing effectiveness was immediate for both treatments. These results suggest that CLCrV-induced endogenous gene silencing is quite sensitive to temperature and verify that temperature was the main variable in the experiment.
To determine if the lack of ChlI silencing at high temperatures was due to a breakdown in the host gene silencing response or to a lack of CLCrV:ChlI vector, leaf tissue that showed at least some silencing was used for DNA isolation and probed with viral vector DNA. Figure 7 shows that much less CLCrV:ChlI vector DNA was present in plants grown at 30°C/ 26°C compared to 22°C/18°C. Analysis of the blot using Image J showed that there was a 12-fold difference between DNA accumulation in the two treatments.
DISCUSSION
This report describes a geminivirus-induced gene silencing vector that functions in cotton, an important, sustainable source of fiber and oil. Because cotton is difficult to transform, development of a transient gene silencing method greatly extends the power of molecular analysis for testing gene function. Genes with homology to previously characterized genes can now be tested for predicted loss-of-function phenotypes to verify or refute the possible conservation of function. Using data from several cotton EST projects (Udall et al., 2006) , gene sequences now labeled as ''unknown or hypothetical protein'' can be tested to determine phenotypes associated with their loss of function. As previously described (Robertson, 2004) , such analyses should always include an empty virus VIGS vector to control for any possible effects of the modified viral DNA infection itself.
Geminivirus-mediated VIGS in Arabidopsis (Turnage et al., 2002) and the first version of the geminivirus VIGS vector for N. benthamiana (Kjemtrup et al., 1998) are more symptomatic than the widely used tobacco rattle virus (TRV) VIGS vector (Ratcliff et al., 2001; Dong et al., 2007) , and the viruses they are derived from produce severe symptoms. However, symptoms of wild-type CLCrV and its vector are not severe in cotton (Figs. 2, 5, and 6 ). Previous studies demonstrated that genetic changes, such as up-regulation of DNA replication machinery, are cell autonomous in geminivirus infections (Nagar et al., 2002) , but more recent studies using microarrays (Ascencio-Ibañ ez et al., 2008) show that genes in pathogen response pathways that are regulated by diffusible compounds are also up-regulated. The GFP experiments demonstrated that only cells in the vascular tissue become infected, suggesting that genes expressed only in the mesophyll, epidermal, and other tissues may be more straightforward to analyze by VIGS. We also found that GFP-containing vectors showed fewer symptoms than no-insert VIGS controls, likely because the addition of nonhomologous foreign sequence to the viral genome further attenuated symptoms. Even though symptoms appear to be attenuated, it is essential to control for background changes in gene expression due to the VIGS vector. When analyzing RBR function in N. benthamiana, we used a no-insert (empty) VIGS vector as a negative control and a VIGS vector containing ChlI as the positive control to gauge the timing and extent of silencing (Jordan et al., 2007) .
With the CLCrV silencing system, plants grown in a temperature-controlled greenhouse at low temperatures (22°C/18°C) showed substantially better silencing than those grown at higher (30°C/26°C) temperatures (Fig. 5) . For naturally occurring plant virus infections, symptom severity and the molecular processes involved in infection are known to be affected by temperature, with lower temperatures inhibiting silencing and higher temperatures favoring silencing and even viral elimination in some cases (Szittya et al., 2003) . For both RNA and DNA viruses, siRNA accumulation has been shown to increase at higher temperatures (Szittya et al., 2003; Chellappan et al., 2005) . This observation along with decreased viral DNA accumulation led to the proposal that posttranscriptional gene silencing (PTGS) caused reduction or elimination of viral DNA at high temperatures (Chellappan et al., 2005) . RDR6 is Figure 5 . The efficiency of gene silencing is affected by temperature. Plants mock-bombarded (A and E), bombarded with an empty vector (B and F), or bombarded with CLCrV:ChlI (C, D, G, and H) were transferred at 2 dpi to a high or low temperature day/night cycle (30°C/26°C or 22°C/18°C, respectively). Mock-inoculated plants (A and E) showed slower growth at 22°C/18°C, but leaf morphology was normal. Empty vector-inoculated plants at high temperature (B) were similar to mock, but at low temperature, downward leaf curling and lighter veins were seen (F). CLCrV:ChlI-inoculated plants at high temperature showed a mixture of punctate and diffuse silencing (C). The diffuse silencing ranged from yellow to light green and disappeared with time. Plants grown at lower temperature (G) also produced punctate silencing, but diffuse silencing was more extensive, ranging from yellow to white, and persisting over time. There was some downward leaf curling at the edges, but symptoms were otherwise not noticeable. The outer walls of developing bolls did not show silencing at the high temperature regime (D), whereas variegation of bolls was observed with the lower temperature regime (H). a known virulence factor for Cabbage leaf curl virus in Arabidopsis (Muangsan et al., 2004) and is involved in both PTGS and RNA-directed DNA methylation (Herr et al., 2005) , which could also adversely impact DNA viruses (Wang et al., 2005; Bisaro, 2006) . There is also recent evidence for a role for RDR6 in long-distance siRNA movement (Brosnan et al., 2007) . The antiviral activity of RDR6 has been shown to increase with temperature in N. benthamiana (Qu et al., 2005) , providing a mechanism for the lesser accumulation of viral DNA at higher temperature.
Although the higher temperatures employed here appear to have increased PTGS of the viral DNA vector, the efficiency of endogenous ChlI silencing from VIGS was reduced at higher versus lower temperatures. Fauquet's group showed that siRNAs increase with temperature while viral DNA accumulation dropped at 30°C compared to 25°C (Chellappan et al., 2005) . Reduced or arrested viral replication is therefore likely to decrease ChlI silencing by preventing transcription of the ChlI silencing fragment, which is needed to provide siRNAs for endogenous gene silencing. Although this might seem obvious, it is not clear why the endogenous ChlI silencing is so extensive at low temperatures. In another report of temperature effects on VIGS, TRV-VIGS of endogenous tomato (Solanum lycopersicum) genes, PDS and EIN, was increased and more persistent (until fruiting) at low temperature, although onset of silencing was delayed up to 6 weeks at 15°C compared to 21°C (Fu et al., 2006) . A comparison of viral RNA levels was not reported, so it is unknown whether the VIGS vector was eliminated at 21°C. Similarly to tomato, ChlI silencing in cotton was more transient at high temperature. A second report also showed that TRV-mediated VIGS in tomato decreased when temperature increased but that VIGS from a DNA satellite was relatively stable at temperatures from 20°C to 32°C (Cai et al., 2007) . It remains to be determined whether temperature will have dramatic effects on the efficiency of VIGS in other virus-host combinations. The finding that TRV-mediated VIGS in N. benthamiana was more tolerant to temperature variation than tomato (Nethra et al., 2006) suggests that temperature should be optimized for each virus-host combination. The rapid increase in silencing of developing cotton leaves following a shift from 25°C/23°C to 22°C/18°C (Fig. 6) indicates that the temperature-affected endogenous gene silencing pathway in cotton is dynamic and malleable, a finding that offers new opportunities for silencing optimization and research.
An important goal for cotton research is to be able to modify properties of the cotton fiber, which arise from ovular epidermal cells near the time of flower opening. Because the ChlI VIGS could not be used to track silencing in tissues lacking chlorophyll, we used GFP expression to determine if the CLCrV vector was capable of infecting the ovule integument, which is derived from maternal tissue. GFP fluorescence from geminivirus vectors invading the maternal tissue of developing ovules has now been observed in two plants, cotton (this report, Fig. 4 ) and bean (Sudarshana et al., 1998) . In both cases, the viruses are known to be vascular tissue specific. Localization of virus in the cotton ovule integument is consistent with previous reports on the continuity between strands of phloem in the central column and each individual ovule (Gore, 1935; Van Lersel et al., 1995) . The results shown in Figure 4 suggest that cotton fibers might be subject, in future experiments, to gene silencing at an early stage in their development. Although CLCrV:GFP showed GFP expression in the integument, the frequency of infection was very low (e.g. four ovules within bolls of 10 plants grown at 25°C/23°C postinoculation). Perhaps the efficiency could be increased if plants were subjected to lower temperature shortly before or just after flowering. In addition, Agrobacterium-based delivery methods currently under development could add versatility by allowing inoculation into specific leaves, including subtending leaves that are a major carbon source for developing bolls.
MATERIALS AND METHODS
Cotton Plant Growth
Cotton (Gossypium hirsutum 'Deltapine 5415' for experiments) seeds were germinated in MetroMix potting soil in 4-inch square pots with four seeds per pot. Seedlings were grown until they had initiated the first true leaves (5-10 d), then biolistically inoculated and transplanted to individual pots (2-4 dpi). Plants were kept in a custom-built, walk-in growth chamber with a 16/8 h photoperiod at 900 mmol m 22 s 21 and a 25°C/23°C temperature regime for all experiments except the low and high temperature comparisons. Plants were fertilized twice weekly with Miracle Gro (Miracle Gro Products, Inc.). The temperature comparison experiments were carried out in two North Carolina State University Phytotron temperature-controlled (61°C) greenhouses with either 30°C/26°C or 22°C/18°C day/night temperature cycles, relative humidity 40% to 50%, or in Percival growth chambers as stated. The Phytotron plants received ambient day length with a 3-h interruption during the dark period with 11 to 12 mmol m 22 s 21 of incandescent light to trigger long day responses throughout the year. Three experiments were performed consecutively from April to December. Plants were started individually in 225-mL styrofoam cups with two-thirds pea gravel, one-third peat-lite (WR Grace Co.) potting mixture, and transplanted to 1,650-mL pots 2 dpi. Plants were watered daily and fertilized three times a week with weak Hoagland solution (Saravitz et al., 2008) .
Particle Bombardment
Seedlings were bombarded with 1-mm-diameter gold microprojectiles (InBio) coated with a mixture of 5 mg each of the A and B components of CLCrV as described (Kjemtrup et al., 1998) . Experiments at University of Arizona used a Bio-Rad PDS1000 while those at North Carolina State University used a homemade PIG (details available upon request) attached to a high-pressure helium tank. DNA-coated microprojectiles were loaded onto the filter end of a Millipore Swinnex filter and each seedling was placed directly under the outlet, about 4 cm beneath it, and bombarded once. For all experiments except the temperature comparisons, four seedlings/4-inch square pot were shot one plant at a time with an outlet pressure of 30 to 60 psi, with 60 psi becoming the standard for routine work.
Construction of a CLCrV A Component Vector
The DNA-A component dimer, pCLCrV-H250 (Idris and Brown, 2004) , was recloned to contain a single AR1 gene by PCR amplification of an 1,185-bp fragment from pCLCrV-H250 using the primer sequences 5#-AGTTCTA-GAATCACCTTCCACTATGAGAC-3# and 5#-TCAGAATTCCCTTAACGTG-CGATAGATTCTGGGC-3#. This fragment, containing the common region and 669 bp of AL1, was digested with EcoRI and XbaI and ligated into pBluescript II SK1 (Stratagene) to make pJRTCLCrVA.002. pCLCrV-H250 was cut with XbaI and a 2,628-bp fragment containing AL2, AL3, AR1, and the remaining portion of AL1 was ligated into pJRTCLCrVA.002 to make pJRTCLCrVA.003. To produce a frameshift mutation in the coat protein gene, pJRTCLCrVA.003 was digested with BsmI, trimmed with T4 DNA polymerase, and then religated to make pJRTCLCrVA.007.
To insert the MCS, pJRTCLCrVA.007 was digested with HindIII and StuI, releasing a 1,772-bp fragment that was ligated into a HincII-and HindIII-cut pBluescript to make pJRTCLCrVA.004. Two PCR reactions were used to amplify regions of pJRTCLCrVA.007 that flanked AR1 and add an MCS. The first PCR reaction used primer sequences 5#-GCAAGCTTACCTGAACTTC-CAAGTCTG-3# and 5#-GTGAATTCGCTAGCGTTAACTGGCCATAATCCT-GTGTATGCAACGTTGAA-3# to amplify a 297-bp fragment that spanned AL3, introduced half of the MCS, and retained the AR1 stop codon and putative polyadenylation site. This product was digested with HindIII and EcoRI and ligated into pJRTCLCrVA.004 to produce pJRTCLCrVA.005. The second PCR reaction used the primers 5#-GCGAATTCACTAGTCTGCAGG-CATGCCATTTTGCTCTATACCCAT-3# and 5#-GCGGAGCTCCACTTGGGA-TAGGTTAAGAA-3# to produce a 454-bp fragment that contained the common region, the start codon of AR1, and the remaining MCS. This product was digested with EcoRI and SacI and ligated into pJRTCLCrVA.005 to complete the MCS and produce pJRTCLCrVA.008 (GenBank EU541443). This plasmid contained the entire viral genome and two common regions, with AR1 replaced by an MCS, inserted between the AR1 start and stop codons.
Isolation of ChlI and PDS Gene Fragments from Cotton
From young leaves, 100 mg total RNA was isolated using the Spectrum Total Plant RNA kit (Sigma). A 500-bp fragment of the cotton ChlI gene (GenBank accession EU541445) was obtained by RT-PCR using primers 5#-GCATGGCCATTCGGTGACCCTTATAAC-3# and 5#-GCTTGGCCAATCA-AACCGTGCTCTTTC-3#. The PCR product was digested with MscI and ligated into pJRTCLCrVA.008 to produce pJRTCLCrVA.009 (GenBank accession EU541444), an A component vector for silencing the ChlI gene. The PDS gene fragment was similarly obtained by RT-PCR using the primers 5#-GCC-GCATGCGCCTGAAGACTGGAGAGAGATT-3# and 5#-GCTACTAGTGCTT-TACTCTGATCCGCAGATA-3# (GenBank accession no. EU541446) and was cloned into pJRTCLCrVA.008 to construct pJRTCLCrVA.027.
Insertion of a Full-Length GFP Gene into CLCrV
PCR was used to amplify a 729-bp fragment from psmRSGFP (GenBank accession U70496; Davis and Vierstra, 1998) . This was digested with SphI and EcoRV and ligated to SphI-and MscI-cut pJRTCLCRVA.008 to produce pJRT010, containing full-length smRSGFP placed in frame with the start and stop codons of AR1. The presence of the SphI site upstream of smRSGFP resulted in the addition of Ala and Cys codons between Met-1 and Ser-4 at the 5# end of the open reading frame. The EcoRV/MscI ligation resulted in the addition of Asp and Pro codons immediately before the stop codon of the coding sequence.
Semiquantitative RT-PCR to Determine Transcript Levels of ChlI
Total RNA was extracted as above and 250 ng was used as a template for RT using ImpromII (Promega). One microliter of each cDNA reaction was used for semiquantitative PCR with primers 5#-GGCTCAGAAGCTTGCTGC-TAAAGA-3# and 5#-AACAGTTGTGGACTTCCCAGTTCC-3#, which amplified a 123-bp fragment of ChlI with no homology to the silencing vector fragment. A 165-bp fragment of cotton GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE A SUBUNIT (GAPDH; accession TC66315) was used as a reference gene and was amplified by PCR using 5#-ATCAAGGGCACCAT-GACTACCACT-3# and 5#-ACCAGTTGAAGTCGGGACGATGTT-3#. Threshold cycles, or the cycles for which a 5-mL reaction yielded a DNA product that could be detected by ethidium bromide staining for ChlI and GAPDH, were empirically determined at 27 and 23, respectively.
Virus Detection
Cotton DNA was extracted by a modified protocol for Plant DNEASY (Qiagen) as described (Horne et al., 2004) . Genomic DNA samples were digested with DpnI to eliminate input DNA, quantified, and 50 ng used for PCR. Using the primers 5#-CATGATCGAATCGTAAAAATAGATCCG-3#and 5#-GCCTAATGGGTATAGAGCAAAATG-3#, insert fragment sizes of 120, 627, and 800 bp were generated from pJRTCLCrVA.008, pJRTCLCrVA.009, and pJRTCLCrVA.010, respectively. DNA gel-blot hybridization was done using standard procedures and a 948-bp viral DNA probe corresponding to the common region and AL1 gene was labeled with digoxigenin-dUTP using the manufacturer's instructions (Roche Biomedical).
